Renal function before and after unilateral ephrectomy in renal donors  by Pabico, Rufino C. et al.
Kidney International, Vol. 8 (1975), p. 166—1 75
Renal function before and after unilateral
nephrectomy in renal donors
RuFIN0 C. PABIc0, BARBARA A. MCKENNA and RICHARD B. FREEMAN
Nephrology Unit, Department of Medicine, University of Rochester Medical Center, Rochester, New York
Renal function before and after unilateral nephrectomy in renal
donors. Measurements of glomerular filtration rate (GFR), effec-
tive renal plasma flow (ERPF), tubular maximum reabsorption of
glucose (Tmgiucoer) and secretion of para-aminohippurate (TmPAH),
clearance of inorganic phosphate (Cphouphr) and uric acid (Curie
acid), urine diluting capacity (C1120) and urinary net acid excretion
(U11+V) were made before and 10 to 14 days after unilateral
nephrectomy in seven healthy renal donors. Comparisons were
made between the functions of the remaining kidney and 50% of
pre-uninephrectomy values. Mean post-uninephrectomy GFR in-
creased by 37%, and mean ERPF, 55%. Tmgiuroue,.. TmPAH,
Cphoupnute, Curie ucid, C0, U11+V increased significantly, after
uninephrectomy. The increase in TmPAH, Tmgueose and C1120 is
proportional to the rise in GFR while the increase in Cphuphutr,
Curie uc,d and U11+V is proportionally greater than the in-
crease in GFR. The changes in post-uninephrectomy renal handling
of phosphate are not due to an increase in parathyroid hormone
secretion
Fonction rénale avant et après néphrectomie unilatérale chez les
donneurs de reins. Les mesures du debit de filtration glomér-
ulaire (GFR), du debit plasmatique renal (ERPF), de Ia réab-
sorption tubulaire maximale du glucose (Tmgiucour), de Ia secretion
de PAH (TmPAH), de Ia clearance du phosphate inorganique
(Cphouphute) et de !'acide urique (Ceide undue), de Ia capacité de dilu-
tion (CH2O) et de 'excretion urinaire d'ions H (UH+V) ont Cté
realisées avant puis 10 a 14 jours aprés néphrectomie unilatérale
chez sept sujet normaux donneurs de reins. Des comparaisons ont
été faites de Ia fonction du rein restant avec Ia moitió des valeurs
antérieures a Ia néphrectomie. Le GFR moyen augmente de 37% et
ERPF moyen de 55%. Tmg,ucuur, TmPAU, Cphoephete, CC0IdC urique,
C1120, et U11+V augmentent significativement. L'augmentation de
TmPAH, Tmgiucuue et CHZO est proportionnelle a l'augmentation de
GFR alors que, l'augmentation de Cphoephute, Curiae undue, UH+V
est proportionnellement plus grande que l'augmentation de GFR.
Les modifications du comportement renal du phosphate après
néphrectomie ne sont pas Iiées a une augmentation de Ia secretion
de 'hormone parathyroi'dienne.
The surgical removal of a normal kidney elicits
dramatic changes in the remaining kidney. Both size
and functions, primarily glomerular filtration rate
(GFR) and renal plasma flow (RPF), increase almost
immediately following unilateral nephrectomy. In ex-
perimental animals, the enlargement of the remaining
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kidney has been shown to be due to both cellular
hypertrophy and hyperplasia [1—4]. Data from
microdissection studies in rabbits by Oliver [5] and in
rats by Arataki [6] showed an increase in size and
volume of the glomeruli; there was, however, no in-
crease in the number of glomeruli. The most impres-
sive changes were found in the proximal convoluted
tubules in these and more recent studies [5—9].
Hayslett, Kashgarian and Epstein [7], found a defi-
nite increase in proximal tubular diameter and length
in sections of rat kidneys frozen in situ. The diameter
and length of the distal tubules are increased but to a
lesser degree. Despite the rise in GFR, the fractional
reabsorption of tubular fluid in the hypertrophied
nephrons was the same as in the normal controls [7,
10], indicating that an increase in proximal tubular
reabsorption of sodium and water occurred in
proportion to the increase in filtered load. A propor-
tional increase in the tubular maximum reabsorption
of glucose by the remaining kidney of beagles was
also documented in the recent study of Bradley et al
[9]. Thus, the normal glomerulotubular balance is
maintained in the remaining hypertrophied kidney of
experimental animals.
Until recently, functional data on the hyper-
trophied kidney of humans had been limited to
studies of patients with congenital absence of one
kidney, and following surgical removal of a
traumatized or diseased kidney [11, 12]. Welsh, Wel-
len and Taylor [11] reported marked hyperemia of
the remaining kidney in a 29-yr-old woman 16 days
after unilateral nephrectomy. However, this patient
was in her seventh month of gestation at the time of
study and the known renal hemodynamic changes in
pregnancy could have contributed to the increase in
RPF observed [13]. The renal function studies
reported by Maluf, Ford and Spurr [12] were ob-
tained on six men, aged 29 to 59 yr, who underwent
unilateral nephrectomy for hematuria, infection,
renal stones and neoplasm three weeks to eight years
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prior to the study. Studies on subjects with congenital
absence of one kidney were also done. These authors
found that the tubular excretory mass of the single
kidney, as determined by the maximum secretion of
para-aminohippurate, was increased to 134% of the
accepted normal values for two kidneys. The cor-
responding mean value for GFR was only 53.5% of
the normal level for two kidneys. The two major
shortcomings of these studies are a) no functional
studies were done prior to unilateral nephrectomy
and b) the remaining kidney may have been affected
by the disease process for which the uninephrectomy
was performed.
The use of kidneys from healthy, related donors for
transplantation provides a unique opportunity to
study the effects of unilateral nephrectomy on the
remaining kidney. Published data show a predictable
rise in GFR and RPF in the remaining kidney soon
after unilateral nephrectomy [14—19]. However, with
the exception of the study of Bricker et a! [14], in
which urinary concentration, dilution and electrolyte
excretions were measured along with the GFR and
RPF in an identical twin donor and recipient, no
systematic study has been done on the changes in
tubular function in man after unilateral nephrec-
tomy. The purpose of our study was to determine the
changes brought about by unilateral nephrectomy on
GFR, effective renal plasma flow (ERPF) and func-
tions attributed to the proximal and distal tubules.
Methods
Seven prospective related donors, four men and
three women, 20 to 65 yr old, were the subjects of this
study. As part of the initial donor work up, these men
and women were found to be medically and psy-
chologically healthy. In particular, they had no
evidence of renal disease, in that the following were
normal: urinalyses; serum urea nitrogen, creatinine
and electrolyte concentrations; endogenous
creatinine clearances; i.v. pyelograms; and renal
arteriograms. Urine cultures were negative. Sup-
plementary data for the seven donors, as well as for
two further donors (see Discussion), are listed in
Table 1.
The study protocol was explained in detail to each
subject. These studies were performed after obtaining
informed consent and were conducted in accordance
with the principles of the Declaration of Helsinki.
GFR and ERPF were measured by the renal
plasma clearances of inulin (C111) and para-
aminohippurate (CpAH), respectively, with the
patients undergoing water diuresis during the fore-
noon hours. The doses of inulin and PAH, diluted in
0.45% saline solution, were calculated to provide an
inulin blood concentration of 15 to 20 mg/100 ml and
a PAH blood concentration of 1.5 to 2.0 mg/l00 ml.
The inulin and PAH were mixed in one syringe and
given i.v. into an arm vein over a period of 10 to 15
mm. Immediately after the priming doses were ad-
ministered, maintenance doses of inulin and PAH in
0.45% saline were delivered i.v. by a constant infusion
pump calibrated to replace the urinary losses of both
test substances, thereby maintaining relatively con-
stant blood concentrations. Sixty minutes was al-
lowed for equilibration. Then four urine collections
were obtained at 20-mm intervals for the actual clear-
ance periods. Blood samples were obtained midpoint
in each collection period. Sera and urine aliquots
were frozen for subsequent determinations.
After the collections for C111 and CPAH were
completed, tubular maximum secretion of PAH
(TmPAH) was measured. With the inulin infusion
kept at a constant rate, the plasma PAH concentration
was raised to approximately 40 mg/100 ml. To avoid
any vasomotor side effects, the new priming dose of
Table 1. Clinical data before uninephrectomy
Age Weight Height BP
.Relation
to
Serum,mg/IOOm1
Cereat
.Urineb
specific KidneyUrea Crea-
yr kg cm mm Hg recipient N tinine m//min/I.73 m2 gravity removed
Donor I 29 88 188 130/80 brother 15 1.0 115 1.030 Left
Donor 2 37 58 157 112/72 mother 13 0.9 115 1.022 Right
Donor 3 20 55 169 115/60 sister II 0.7 150 1.028 Left
Donor4 39 61 169 120/80 brother 16 1.1 146 1.029 Left
DonorS 59 89 173 150/88 father 17 0.9 106 1.020 Left
Donor6 65 80 180 120/70 father 17 1.0 125 1.019 Right
Donor7 50 70 165 130/88 mother 13 0.6 130 1.022 Left
Donor 8 30 79 178 125/80 brother 15 1.0 110 1.026 Left
Donor9 46 84 168 138/86 father 13 0.6 122 1.024 Right
aSerum chemistry screening (SMA-12) showed normal findings in all subjects.
5Urinalyses, performed at least three times for each subject on first voided specimens revealed the following: negative reactions for
glucose, protein and hemoglobin; normal microscopic findings. Clean-catch urine cultures (X3 for each subject) were sterile.
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PAH was infused slowly for a period of 45 to 60 mm,
At the same time, a new sustaining dose of PAH was
being infused to replace urinary PAH excretion.
Another 60 mm of equilibration was allowed before
four collections of urine were obtained at 20-mm in-
tervals. Blood samples were drawn at the midpoint of
each collection period. Sera and urine aliquots were
frozen for subsequent analyses.
The patients remained recumbent quietly in bed
during these studies except during voiding. No
urinary bladder catheterization was employed.
Diuresis was maintained by oral ingestion of water in
amounts equal to urine loss. Urine sodium loss was
approximately replaced by 0.45% saline administered
i.v. Essentially, the procedures described above con-
formed to the methods described by Smith et al
[20—22].
In three subjects, tubular maximum reabsorption
of glucose was also measured. Clearance procedures
were similar to the ones described above. Blood
glucose concentrations were raised in a step-wise
manner similar to the method described by Smith et
a! [22], by the infusion of glucose solution in increas-
ing concentrations. As in TmPAH studies, urinary
water and sodium losses were replaced appropriately.
Arterialized venous blood samples were collected
from a superficial arm vein without proximal
obstruction for glucose determinations.
Urine diluting capacity was measured in six sub-
jects following the protocol of Martinez-Maldonado
et al [23]. Water diuresis was induced initially by oral
intake of water, 20 mI/kg of body wt. Subsequently,
each subject drank water in volumes replacing urine
and insensible water losses every 20 to 30 mm. Saline
solution, 0.45%, was infused i.v. in increasing rate
when brisk diuresis had been established. Urine
specimens were collected every 15 to 20 mm and
blood drawn at the midpoint of each collection
period. Inulin infusion, in the manner described
above, was carried out during the test.
Urinary acidification was determined by a modifi-
cation of the short-term acid loading test of Wrong
and Davies [24]. Urine was collected hourly from 6 to
9 AM, and blood was drawn at 8 AM. After the 9 AM
urine specimen was collected, the subjects were given
an oral dose of 10% cherry-flavored ammonium
chloride (NH4CI) solution, 0.1 G/kg. Hourly urine
samples were collected for six hours after the NH4CI
ingestion. Blood samples were drawn hourly for six
hours after NH4CI. The urine specimens were col-
lected in separate receptacles containing small
amounts of mineral oil and toluene. Urinary pH, am-
monium (N H4) and titratable acids (TA) were deter-
mined immediately. Chloride and carbon dioxide
(C02) were measured in each serum sample.
The studies described above were performed seven
to ten days before the unilateral nephrectomy. The
post-uninephrectomy studies were conducted when
the subjects had fully recovered from the discomforts
of the surgery, and when they had been receiving a
regular hospital diet for at least five days. In six sub-
jects, the post-uninephrectomy studies were per-
formed within 10 to 14 days after the surgery. One
subject required a course of antimicrobial therapy for
a postoperative right lower lobe atelectasis and
pneumonitis. The studies were delayed until the 23rd
day post-uninephrectomy when the subject was fully
recovered and had been off antibiotics for seven days.
Inulin was measured in serum and urine by the
method of Walser, Davidson and Orloff [25]. Serum
and urine PAH concentrations were determined by
the method of Smith et al [21]. Plasma and urine
glucose concentrations were measured by the o-tolui-
dine method [26]. Urine and plasma osmolality was
determined cryoscopically using an osmometer
(Advanced). Urinary NH4 concentration was
measured by the microdiffusion method of Conway
[27] and urinary TA was calculated by titrating the
urine to pH 7.40 with 0.1 N sodium hydroxide. Serum
CO2 was measured by the manometric method of
Van Slyke and Neill [28], and serum chloride, by the
titration method of Cotlove, Trantham and Bowman
[29]. Serum and urine concentrations of inorganic
phosphate and uric acid were determined by
colorimetric methods adapted for the autoanalyzer
[30]. All determinations were made in duplicate.
Clearance was calculated by the formula C = U X
V/P where U and P are the urine and plasma con-
centrations of the test material in mg/mI, and V is
urine flow rate in mI/mm. TmPAH, expressed in
mg/mm, was obtained by the following formula:
TmPAH = (UPAH X V) — X P1), where UPAH
and PPAH are the urine and plasma PAH concentra-
tions, respectively, in mg/mI; V is urine flow rate in
mI/mm. Tmgiucoe, in mg/mm, was obtained by the
formula Tmgiucose = (C111 X Pgiucose) — (Ugiucose ><
V), during the periods when no further increase in
glucose reabsorption took place despite further incre-
ments in plasma glucose concentrations. The tubular
reabsorption of filtered phosphate is expressed as %
TRP = 1 — (Cphosphate/CinulIn) X 100. Free water
clearance (CH2O) = V — Cç; Cosm = Uosm X V/Posm,
where Uosm and Posm are urine and plasma os-
molalities in mOsm/kg, and V is urine flow rate in
mI/mm. Urinary net acid excretion (U+V), in
Eq/min = (UNH4 V + UTAV) — UHCO3_V, where
UNH4V, UTAV, and UHCO3_V are the urinary
excretion of ammonium, titratable acid and bicar-
bonate, respectively, in tEq/min. Urine pH in all the
subjects was less than 6.0, and since virtually no
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HCO3- exists in urine with pH less than 6.0, urinary
HCO3- was not measured. The UH+V obtained were
the sum of UNH4V and UTAV.
Analyses of paired differences (paired I test) were
performed on the pre- and post-uninephrectomy
data. P values less than 0.05 are considered
statistically significant. Mean values are expressed as
mean 1 SEM.
Results
In comparing the various renal functions in the
post-uninephrectomy state with those obtained prior
to uninephrectomy, an assumption has to be made
that in the pre-uninephrectomy state total renal func-
tion is the sum of the equal contributions from each
kidney. Although a median difference of 5 to 6%
between the two kidneys was observed by Hulet et a!
[3 1], the variations in function occurred in a random
manner between the right and left kidneys. Hence,
the assumption that each kidney contributes 50% of
total renal function in normal subjects is valid. On
this basis, the individual renal functions after uni-
nephrectomy are compared to 50% of the pre-
uninephrectomy values. The data are expressed per
1.73 m2 of body surface area using the donors' pre-
and post-uninephrectomy body weights for the cor-
responding states. Body weight changes following the
surgery were negligible, with a mean weight loss of
0.896 kg. This change did not affect the interpretation
of the data.
GFR (C11), ERPF (CPAH) and filtration fraction
(CtnUIIfl/CPAH). Table 2 summarizes the results of the
and CPAH determinations. Each number is the
mean of three or four clearance periods. Before un-
inephrectomy, CthuIjI. for one kidney ranged from 51
to 80 ml/min/l.73 m2 with a mean of 55.4 4.7
Table 2. Pre- and post-uninephrectomy GFR (C,112), ERPF
(CPAH) and filtration fraction (CIflUIIfl/CPAH)
CUIth
ml/rnin/I.73 in2 mI/min/j.73 in2 CiOII/CPAH
Pre Post Pre Post Pre Post
Donor I 53.0 62.0 277.0 407.0 0.19 0.14
Donor2 56.0 80.0 325.5 457.0 0.19 0.17
Donor3 53.5 89.0 315.0 477.0 0.17 0.19
Donor4 59.0 85.0 286.0 462.0 0.20 0.18
Donor 5 80.0 90.0 290.0 591.0 0.28 0.15
Donor6 41.0 62.0 194.5 275.0 0.21 0.22
Donor7 45.5 63.0 237.0 316.0 0.19 0.20
Mean 55.4 75.8 275.0 426.4 0.20 0.18
SEM
P <0.0! <0.01 NS
aThe pre-uninephrectomy data tabulated herein and in the other
tables and those illustrated in the figures represent 50% of the
actual values for the two kidneys.
(sEM). Clth increased following uninephrectomy to
a mean of 75.8 + 4.9 ml/min/l.73 m2 (range, 62 to
90). The rise in mean C111 in the remaining kidney
was 36.8% of the pre-uninephrectomy value. The
difference between post-uninephrectomy and pre-
uninephrectomy CthuIIn is statistically significant (P <
0.01). Before uninephrectomy, CPAH for one kidney
ranged from 194.5 to 325.5 ml/min/l.73 m2 with a
mean of 275.0 + 17.2. After uninephrectomy, the
CPAH ranged from 275.0 to 591.0 ml/min/1.73 m2
with a mean of 426.4 40.0. This represents a mean
increment in CPAH of 55.0% in the remaining kidney.
The difference in pre- and post-uninephrectomy CPAH
is statistically significant (P < 0.01). Since the in-
crease in mean CPAH was greater than the increase in
the mean CthulIfl, the mean filtration fraction
(CIflUljfl/CPAH) was reduced after uninephrectomy but
the difference between the two values is not
statistically significant.
TmPAH and Tmg,ucose. The results of the TmPAH
studies are summarized in Table 3. Plasma PAH con-
centrations attained during these studies ranged from
35 to 50 mg/l00 ml. These plasma concentrations are
beyond the level at which the saturation point for
tubular secretion is normally achieved, thereby assur-
ing the adequacy of PAH delivery to the proximal
tubules for Tm calculations [20]. Each TmPAH value
in Table 3 is the mean of three or four collection
periods. Before uninephrectomy, TmPAH ranged from
38.0 to 52.5 mg/min/l.73 m2 with a mean of 44.7
2,0. After uninephrectomy, TmPAH ranged from 47.0
to 71.0 mg/min/l.73 m2 with a mean of 59.1 4.1.
The difference between the pre- and post-
uninephrectomy values is statistically significant (P <
0.05). However, when the TmPAH values are ex-
pressed in relation to the renal hemodynamic functions,
i.e., CflU1Ifl/TmPAH and CPAH/TmPAH, the ratios of
pre-uninephrectomy and post-uninephrectomy are
not statistically different.
The number of studies on Tmgiucoge before and
Table 3. Pre- and post-uninephrectomy TmPAH, CIUIIfl/TmPAU and
CPA I-I/TmPAH
TmPAH
mg/min/1.73 in2 CIflUIIfl/TmPAH CPAH/Tfl1PAH
Pre Post Pre Post Pre Post
Donor 1 50.5 47.0 1.05 1.25 5.48 8.66
Donor2 38.0 48.0 1.47 1.48 8.56 9.52
Donor3 52.5 53.0 1.02 1.56 6.00 9.00
Donor4 47.0 70.0 1.12 1.21 6.08 6.60
DonorS 42.5 70.0 1.88 1.28 6.82 8.44
Donor6 40.0 55.0 1.02 1.13 4.86 5.00
Donor7 42.5 7L1I 1.07 0.88 5.57 4.45
Mean 44.7 59.1 1.23 1.25 6.19 7.38
SEM +0.12 +0.45 +0.77
P <0.05 NS NS
170 Pabico er a!
Load/Tmgiucose
Fig. 1. Relationship between T/Tmgo, and load/Tngjucosr in the
pre- and post-nephrectomy states. Open symbols represent post-
un inephrectomy, and closed symbols, pre-uninephrectomy. The
splays are similar.
after uninephrectomy are too small for comparative
analysis. However, in the three subjects who un-
derwent Tmgiucose determinations, no variations from
the normal splay were noted in the remaining kidney.
The reabsorbed (T)/Tmgiucose plotted against the
load/Tmgiucose before and after unineph:rectomy is
depicted in Fig. 1.
Cposppiate, % TRP. In Table 4 are summarized the
pre- and post-uninephrectomy values for serum
phosphate, Cphosphate and % TRP. The serum
phosphate concentrations are virtually identical in
the pre- and post-uninephrectomy states (3.6 0.2
and 3.7 + 0.3 mg/lOO ml). Before uninephrectomy,
Cpoapate for one kidney ranged from 5.5 to 13.5 ml/
min/1.73 m2, with a mean of 8.9 1.06. After uni-
nephrectomy, Cphosphate increased in all donors, and
ranged from 8.0 to 31.0 ml/min/1.73 m2, with a mean
of 19.4 2.57. The difference is statistically signifi-
cant (P < 0.00 1). Before uninephrectomy, % TRP for
one kidney ranged from 68 to 88 (mean, 83.4 + 2.72),
while the post-uninephrectomy values ranged from
50 to 88, with a mean of 74.0 4.43. Likewise, the
difference is statistically significant (P < 0.01). In
only one subject did the % TRP remain unchanged
(donor 7).
1.6
1.2
S0
0.8I-
•d'oDL5o c?/• A
LJ• A
Curie acid, Curie acici/Cinujin. Table 5 summarizes the
pre- and post-uninephrectomy values for serum uric
acid, Curie acid and Curie acid/Cinulin. The pre- and
post-uninephrectomy serum uric acid values are not
significantly different. The pre-uninephrectomy
Curie acid for one kidney ranged from 4.0 to 13.5 ml/-
min/l.73 m2, with a mean of 7.1 1.14. After uni-
0 0.4 0.8 1.2 1.6 2.0 2.4 nephrectomy, Curie acid ranged from 5.0 to 28.0 ml/
min/l,73 m2, with a mean of 14.6 2.68. The
difference is statistically significant (P < 0.01). C1
acid/Cinulin, for one kidney, in the pre-
uninephrectomy state, ranged from 0.07 to 0.25 with
a mean of 0.12 0.02. The corresponding post-
uninephrectomy values were 0.07 to 0.31 with a mean
of 0.18 0.03. The difference is statistically signifi-
cant (P < 0.01). Donor 1 is the only subject whose
Curie aeici/Cinuiin failed to increase in the post-
uninephrectomy state.
Urine diluting capacity. The relationship between
the fractional C20 and the fractional urine flow rate
(V) is illustrated in Fig. 2. The pre- (closed symbols)
and post-uninephrectomy (open symbols) values are
plotted against the normal range (shaded area) ob-
tained by Martinez-Maldonado et al [23], It is ap-
parent that the increase in CHZO with the rising V is
similar in both groups. Before and after unine-
phrectomy, CH2O/V values fall within the normal
range.
Urinary acidification. The urinary net acid excretion
(UH+V) of the single kidney prior to unilateral ne-
phrectomy and of the remaining kidney after uni-
nephrectomy is illustrated in Fig. 3. Each symbol
Table 4. Pre- and post-uninephrectomy serum phosphate, Cpaopstr,
and % TRP
Serum phosphate Cpopatr
mg/iOOml ml/min/l.73m2 %TRP
Pre Post Pre Post Pre Post
Table 5. Pre- and post-uninephrectomy serum uric acid,
Curic acid, and Cane aeid/Cinuiin
Serum uric acid Curie acid
mg/IOO ml
Pre Post
ml/min//.73 m2
Pre Post
Curie aci/Cinuiin
Pre Post
Donor 1 3.3 3.9 7.5 17.0 86 73 Donor I 7.! 5.6 4.0 5.0 0.07 0.07
Donor2 3.6 3.8 11.5 21.0 82 74 Donor2 4.9 4.3 7.0 15.0 0.12 0.18
Donor 3 3.7 3.4 8.5 20.0 84 78 Donor 3 3.0 3.! 13.5 28.0 0.25 0.31
Donor4 4.7 5.3 6.5 21.0 88 75 Donor4 5.8 5.3 6.6 14.0 0.12 0.16
Donor 5 3.1 2.9 9.5 18.0 88 80 Donor 5 8.4 7.2 7.0 17.0 0.08 0.18
Donor 6 2.9 3.4 13.5 31.0 68 50 Donor 6 6.3 6.4 5.5 10.0 0.11 0.16
Donor 7 3.8 3.7 5.5 8.0 88 88 Donor 7 4.4 4.3 6.0 13.0 0.13 0.21
Mean 3.6 3.7 8.9 19.4 83.4 74.0 Mean 5.7 5.2 7.1 14.6 0.12 0.18
SEM +0.3 +2.57 +2.72 +4.43 SEM +0.68 +0.03
P NS <0.001 <0.01 P NS <0.01 <0.01
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not significantly different. Fig. 5. depicts the contri-
butions of UNII4V and UTAV to the net acid excre-
tion. Although the absolute values of UNH4V and
UTAV are higher after uninephrectomy, the propor-
tions in UNH4V:UTAV are similar in both states,
except for the fifth and sixth hours after NH4CI ad-
ministration. During these times almost two-thirds
of the net acid excretion post-uninephrectomy was
contributed by UTAV.
Discussion
Considerable increase in GFR and ERPF in the
remaining kidney occurs within a relatively short
period of time after unilateral nephrectomy in man
[15—19]. However, data on renal tubular functions
V/GFR X 100
Fig. 2. Relationship between fractional free water clearance
(CH2O/GFR X 100) and fractional rate of urine flow (V/GFR X
100) during water diuresis. Open symbols represent post-uni-
nephrectomy, and closed symbols, pre-uninephrectomy. The
stipled area represents the normal range [231.
represents the mean of the seven subjects + SEM.
The control values are the means of two or three
hourly urine collections before the oral administration
of NH4CI. It is evident that UH+V before and
after NH4C1 is much higher after uninephrectomy
than before uninephrectomy. There are, however,
two major factors that can influence UH+V from
one subject to the next and within the same subject
from one experimental condition to another, namely,
the degree of acidemia achieved with the NH4C1
dose (the decrease in serum C02) and the existing
GFR. The effects of these factors in the interpreta-
tion of UH+V must be taken into account. There-
fore, U11+V was expressed in terms of "hydrogen
clearance index (HCI)" according to the formula of
Elkinton [32]:UH+V/1/[C02}S; the denominator is
the reciprocal of the serum CO2. Fig. 4 illustrates
the pre-and post-uninephrectomy changes in HCI is
much higher than the pre-uninephrectomy values.
The difference between the two sets is statistically
significant from the control values through the hourly
measurements. Since GFR is different between the
pre- and post-uninephrectomy values, HCI is ex-
pressed in terms of existing GFR. Fig. 4, lower panel,
illustrates HCI/C111 in the pre- and post-unine-
phrectomy states. In the control period, HCI/C111
is not significantly different statistically in the two
states, but during the first through the third hour
after NH4CI the post-uninephrectomy values are
significantly higher (P < 0.05, P < 0.05 and P <
0.02). From the fourth through the sixth hour, how-
ever, the pre- and post-uninephrectomy values are
NH4 Cl
65 0.1 g/kg
60
+
55
50
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40
35
30
25
20
15
10
5
0L L
Control 1 2 3 4 5 6
Hours
Fig. 3. Urinary net acid excretion (U+ V) in the post-unine-
phrectomy (0) and pre-uninephrectomy (•) states. The vertical
lines represent SEM.
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showed a definite increase in both GFR and ERPF.
His GFR rose from 41.0 to 62.0 ml/min/1.73 m2 and
the ERPF increased from 194.5 to 275.0 ml/min/1,73
m2 (donor 6). Although the mean ERPF is higher in
proportion to the GFR following uninephrectomy,
the filtration fraction is not significantly different
from pre-uninephrectomy values.
The mean TmpAu increased significantly following
uninephrectomy. The rise in mean TmPAH after uni-
nephrectomy is virtually identical to the increase in
the mean GFR during the same period. Thus, the
pre- and post-uninephrectomy CIflUII/TmPAII ratios
are virtually identical. The change in the tubular
maximum secretion occurred proportionally with the
change in GFR, maintaining the normal glomerulo-
tubular balance. Likewise, the CPAH/TmPAU before
and after uninephrectomy is not significantly dif-
ferent statistically. The degree of renal hyperemia
described by Welsh and associates [11] was not
seen. As indicated earlier, the subject studied by
these investigators was a 29-yr-old pregnant woman
in her 16th day after uninephrectomy. The effect
of pregnancy on the renal hemodynamic functions
could possibly explain the difference between their
findings and ours [13]. We also did not corroborate
the findings described by Maluf et al [12], who
found markedly elevated values of TmPAH in six
patients following unilateral nephrectomy (TmPAU =
103 mg/mm) and in three patients with congenital
absence of one kidney (TmPAH = 99 mg/mm). These
patients had TmPAH in levels higher than the accepted
normal range for TmPAH in subjects with two
Fig. 4. Hydrogen clearance index (upper) and HCI/GFR (lower)
before and after an orally administered dose of NH4 Cl. Open
circles, post-uninephrectomy; closed circles, pre-uninephrectomy.
Vertical lines represent SEM.
are lacking. Seven healthy, related donors underwent
extensive renal functional studies before and shortly
after unilateral nephrectomy. The youngest donor is
a 20-yr-old woman and the oldest is a 65-yr-old man.
GFR and ERPF were determined as well as functions
attributed primarily to the proximal tubules (TmPAH,
Tmgiucose, Cpuospuate, Curie acid) and those attributed
mostly to the distal tubules (urine diluting capacity
and UH+V). GFR and ERPF increased significantly
after uninephrectomy. Even the oldest subject
Fig. 5. Mean pre- and poss-uninephrectomy UH+ V before and
after an orally administered dose of NH4C1. Contributions of
ammonium (UNH4V) and titratable acids (UTAV) are represented.
Vertical lines are SEM.
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kidneys. These authors attributed these findings to
tubular predominance in the hypertrophied kidney
[12],
Our data on proximal tubular maximum reabsorp-
tive capacity are quite limited. However, in three sub-
jects whose Tmgiucoae was measured in the pre- and
post-uninephrectomy states, the threshold and max-
imum saturation points are virtually the same in the
two clinical settings. Thus, reabsorbed (T)/Tmgiuco8e
plotted against load/Tmgiucose shows similar splays
before and after uninephrectomy. Inasmuch as GFR
rose in the remaining kidney, our findings show a
proportional increase in the tubular maximum reab-
sorptive function maintaining the normal glomer-
ulotubular balance. The same conclusion was reached
by Bradley et a! [9] in their studies of Tmgiucose in
dogs before and after unilateral nephrectomy.
The absolute Cphosphate values are significantly
higher in the post-uninephrectomy state (P < 0.00 1).
The rise in Cphosphate is not due solely to the increase
in GFR in the remaining kidney since the cor-
responding post-uninephrectomy % TRP values are
significantly lower than the pre-uninephrectomy
values (P < 0.01). The mean post-uninephrectomy %
TRP of 74.0 + 4.43 is clearly less than the value for
normal subjects with two kidneys. Only one subject
showed no decrease in % TRP after uninephrectomy.
These changes in the phosphate handling by the
remaining kidney, i.e., increase in Cphosphate and
reduction of % TRP, mimic the effect of parathyroid
hormone (PT H) on the renal tubules [33]. A question
of utmost clinical importance has to be raised: Does
unilateral nephrectomy stimulate PTH secretion? Re-
cent studies have shown that minimal reduction in
GFR due to renal parenchymal disease leads to an in-
crease in PTH secretion [34, 35]. In the study by Reiss
and Canterbury [34], the serum PTH concentration
in a patient with mild renal insufficiency (creatinine
clearance = 73 mI/mm) was found to be elevated
three to four times the normal. Presumably the reduc-
tion in GFR leads to a transient increase in serum
phosphate concentration which in turn lowers the
serum calcium concentration. The latter event
stimulates PTH secretion which subsequently lowers
% TRP and increases urinary phosphate excretion
[35]. The surgical removal of one kidney could
presumably stimulate PTH secretion by the above
mechanism.
To answer this question, serum PTH concentra-
tions were measured before and 14 days after uni-
nephrectomy in two other relative donors (donors 8
and 9). GFR, CphospItate, % TRP and serum calcium
and magnesium concentrations were also measured
before and after uninephrectomy. Table 6 sum-
marizes the results. As in the previous studies, GFR
and Cphosphate increased appreciably after uni-
nephrectomy. % TRP decreased from pre-
uninephrectomy values of 81 and 89 to post-
uninephrectomy values of 66 and 79. The serum PTH
concentrations, however, remained within the normal
range, and the pre- and post-uninephrectomy values
are virtually identical. The serum calcium,
magnesium and phosphate concentrations, likewise,
remained within the normal range, and the pre- and
post-uninephrectomy values are virtually the same.
In at least two subjects, unilateral nephrectomy did
not elicit an increase in PTH secretion.
The renal tubular handling of uric acid is much
more complex since bidirectional transport takes
place [36]. However, reabsorption or secretion or
both occur in the proximal tubules. Hence, changes
in Curie acid will reflect proximal function. We found
the absolute Curie acid to be significantly higher after
uninephrectomy (P < 0.01) and the Curie acid/Cinuiln
ratios to be, likewise, significantly different statistical-
ly between the pre- and post-uninephrectomy states
(P < 0.01). The rise in post-uninephrectomy Curie acid,
therefore, could not be attributed solely to the in-
crease in GFR of the remaining kidney.
Distal tubular function in man can be measured in-
directly by clearance techniques. Urine dilution is
achieved by the active transport of sodium along the
water-impermeable ascending limb of Henle's loop
and more distal segments. During water diuresis, and
with adequate sodium delivered to the diluting sites,
solute-free water (CH2O) is generated. With the
% TRP; and serum calcium, magnesium and phosphateTable 6. Serum parathyroid hormone (PTH) concentrations: GFR: Cphophate:
concentrations before and after unilateral nephrectomy in two donors
Serum, mg//OO mlGFR C4 Serum PTH
ml/min/1.73 m2 Calcium Magnesium Phosphate ml/min/I.73 m2 % TRP j.sEq/ml
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
Donor 8 62 75 9.9 9.6 1.98 2.05 3.55 3.65 12 25 81 66 45 46
Donor9 61 97 9.7 9.7 2.02 2.03 3.80 3.65 7 21 89 79 23 27
The assay of serum PTH was done in Dr. Claude Arnaud's Laboratory, Mayo Clinic, Rochester, Minnesota.
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inhibition of endogenous antidiuretic hormone secre-
tion when only negligible water back-diffuses to these
diluting sites, V/GFR becomes a measure of the frac-
tion of filtered sodium delivered to the distal diluting
segments, and CH20/GFR, the fraction of filtered
sodium reabsorbed at these sites. C1120/V, therefore,
represents the fraction of sodium delivered to the
diluting segments that is reabsorbed in these sites
[37]. C20/GFR after uninephrectomy rose with
increasing V/GFR maintaining ratios within the nor-
mal range. Thus, fractional sodium reabsorption in
the distal segments after uninephrectomy remained
the same. Since GFR rose by 37% after uninephrec-
tomy, proportional functional change must have oc-
curred in the diluting segments. Similar findings were
described in uninephrectomized experimental
animals using micropuncture techniques [7, 8].
UH+V of the remaining kidney is approximately
equal to that of the two kidneys. Following NI-14C1
loading, an even greater increment in UH+V is seen
in the remaining kidney (Fig. 3). The rise in UH+V
is proportionally greater than the increase in GFR as
is evidenced by the higher post-uninephrectomy
HCl/C11 (Fig. 4). Thus, it appears that the ability
of the remaining kidney to excrete an acid load is
quite efficient, and thereby maintains normal H
homeostasis.
An interesting finding was noted during the latter
part of the acid-loading test in the post-
uninephrectomy state, namely, that the UTAV com-
prised two-thirds of the UH+V (Fig. 5). We have not
yet defined the exact mechanism for this finding.
The mechanism(s) that initiates compensatory
hypertrophy and hyperplasia of the kidney following
the removal of its mate is not known. The theory that
the increase in work for the remaining kidney is the
primary cause for the morphologic and functional
changes has been soundly refuted [38, 39]. The
release of a humoral renotrophic factor(s) into the
circulation, that stimulates renal growth, has been
proposed [40, 41]. The age of the subject at the time
of uninephrectomy has been thought to have a con-
siderable influence on the development of compen-
satory hypertrophy of the remaining kidney.
Radiographic studies by Heideman and Rosenbaum
[42] showed no increase in the size of the remaining
kidney in subjects 30 yr old or older. However, more
careful studies recently done by Boner, Sherry and
Reiselbach [43] revealed that compensatory renal
enlargement occurs even in the 60-yr-old subject.
Functionally, the remaining kidney of older subjects
showed appropriate increments in renal functions,
although the absolute increases in GFR and ERPF
are relatively less compared with younger subjects
[16, 19]. Our findings support this conclusion.
The results of the present studies define the effects
of unilateral nephrectomy on the various renal func-
tions of the remaining kidney within two weeks fol-
lowing uninephrectomy. It appears that changes in
renal hemodynamic and some tubular functions; e.g.,
TmPAH, Tmgiucosp and CH2O; occur in similar
proportions in the hypertrophied kidney of man,
thereby maintaining the normal glomerulotubular
balance. However, other tubular functions such as
Cphosphate, % TRP, Curie acid and U11+V increased
beyond the level of the rise in GFR. The effective ex-
cretory mechanism for phosphate, uric acid and H
in the remaining kidney provides for the maintenance
of normal homeostasis for these substances.
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